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Introduction
Self-Pierce Riveting (SPR) is now a well established mechanical fastening technique for joining sheet materials, the joining method has been widely adopted by the automotive industry due to the suitability of the process for high volume production and for use in combination with structural adhesives. 1, 2 . To reduce carbon emissions and fuel consumption, the demand for lighter more energy efficient vehicles is increasing. The automotive industries are increasingly using light weight and high strength materials such as aluminium or magnesium alloys, and advanced high strength steel to improve the energy efficiency by reducing the weight of the vehicle structure [3] [4] [5] . Direct welding of dissimilar materials is difficult and sometimes impossible, therefore mechanical fasteners, clinching and adhesive bonding techniques are increasingly being considered by design engineers 6 . The advantages of SPR include: fast cycle time with easy automation, no need for a predrilled hole or accurate alignment with a predrilled hole, no waste material produced, high process reproducibility, and consistent joint strength [7] [8] [9] [10] [11] [12] [13] [14] [15] . The SPR technique is generally used to fasten two or more sheets of material by cold forming, as shown in Fig. 1 2, 8, 16 . A semi-tubular or fully tubular rivet is driven through the top sheet by displacing material into the rivet bore and die, piercing but not perforating the bottom sheet, and flaring the legs in the bottom sheet under the guidance of a suitable die 1 . Not perforating the bottom sheet means a seal is maintained and the rivet leg is not exposed to the environment; the resulting joint is resistant to gas and liquid penetration and corrosion in the tail side 1, 17 . The application range of SPR is continuing to increase to support the introduction of higher strength sheet and ply materials. The rivet and sheet materials both require sufficient ductility to deform without cracking during the rivet insertion process. Previous studies show that a joint may look good externally, but microcomputed tomography reveals some internal cracking in the same joint 18, 19 . In order to determine the operating envelope of the SPR process and products for any given combination of materials, it is critical to develop a deeper understanding of the deformation behaviour of the materials and rivet during the joining process. It is also necessary to relate the deformation characteristics to residual stress distribution.
Residual stresses are the stresses that remain within a body after removal of external influences. They are thus the self-equilibrating stresses within a stationary solid body when no external forces are applied 20 . These stresses occur for a variety of reasons, including plastic deformation, high temperature gradient or structural misfits in the natural shape between different regions, different parts or different phases 21 . Residual stress cannot be measured directly in practice, but can be obtained from a measure of the elastic strain, which can then be related to the stress [21] [22] [23] . There are two categories of measurement techniques for residual stress: destructive and non-destructive methods. Among the destructive methods, block sectioning provides a single stress measurement, hole drilling provides depth profiles, and the contour method provides area maps of residual stress [24] [25] [26] . The hole drilling method is advantageous as it is not limited to crystalline material and can be applied to plastics, composites, and coated materials. On the other hand, non-destructive diffraction techniques usually measure related parameters that can be used to de-convolute the residual stress 22, 23 . The most popular non-destructive techniques are X-ray, neutron and synchrotron diffraction methods. X-ray diffraction is limited to a depth of 50 µm in steel, whereas neutron diffraction can measure the strain up to 50 mm deep in steel 20, 21 . Synchrotron diffraction has a high spatial resolution and faster acquisition time due to a high energy X-rays, however the penetration is much lower (up to 25mm in steel) compared with neutron diffraction. Synchrotron diffraction is more suitable for strain mapping experiments for finite element (FE) model validation while neutron diffraction is more suited for deep line stress profiling experiments 21, 27 .
For SPR joints made of high strength steel materials, neutron diffraction is the most appropriate technique among the non-destructive methods. Residual stresses as high as 1075 MPa in a rivet have been predicted by other researchers but not validated 28, 29 . An initial feasibility study of measuring residual stress in different SPR joints using neutron diffraction has been reported by the present authors 8, 16 . The reported data displayed relatively large error bars (±109 MPa) when compared with the stress values (550 MPa range). In this study, measurement uncertainties were further investigated to determine a relationship between the gauge volume and acquisition time to minimise the measurement errors of this method when applied to such small components.
In principle, to achieve a certain accuracy, it is possible to develop a relationship between measurement time and the gauge volume in particular for single-phase material with simple geometry, but this approach could not be applied in this case due to the complex geometry of the sample, so an experimental approach has been chosen 20 . The relation between time and measurement of d-spacing can be easily calculated, as the error is always related to time 20, 30 , as a function of ( t 1 ). However, it is necessary to check the residual stress profile depending upon the measuring direction, optimize the beam attenuation path-length and the gauge volume. The purpose of this present study is to establish the optimum instrument configuration and experimental procedure that allows measurement of stress in SPR faster and/or more accurately while at the same time keeping the resolution required for the mm-scale of the problem.
Experimental procedure
Sheet coupons 150 mm long, 50 mm wide and 2.0 mm thick carbon steel were chosen as top and bottom sheet. Two-ply joints were produced using a hydraulic rivet setter, die and rivets (steel) provided by Henrob (UK) Pty Ltd. Five joints were made at 25 mm spacing ( Fig. 2a ) using rivets and die selected according to the total ply thickness and sheet materials. Joining parameters are given in Table 1 . The maximum force was 49 kN and rivet setting pressure was 215 bar, whereas the preclamp pressure was 130 bar. Force and displacement were measured during SPR and it was observed that the riveting process was highly reproducible, as shown in Fig. 3 . Hence, the joint located in the middle of the coupon shown in Fig. 2a was chosen for the residual stress measurement. A crosssection of the middle joint ( Fig. 2b ) was taken after the neutron diffraction analysis was completed.
Neutron diffraction measurements were performed on the Strain Scanner named 'Kowari' at the Australian Nuclear Science and Technology Organisation. A monochromatic beam of thermal neutrons of wavelength 1.672 Å was used and the Fe (211) diffracting plane was chosen for the investigation. A 2D position sensitive 3 He detector was used to record the diffraction peak. The detector was positioned at an angle of 90° with respect to the incident beam to utilize the Fe (211) reflection. A schematic setup of the diffraction experiment is shown in Fig. 4 .
As the investigated joint sample was small, gauge volumes of 0.5 x 0.5 x 0.5 mm 3 and 1.0 x 1.0 x 1.0 mm 3 were used in order to achieve a good compromise between spatial resolution and experimental counting time. The sample was accurately positioned (± 100 µm) on the instrument using the software SScanSS 33, 34 . The sample was first laser scanned to obtain a 3D model, then positioned on the experimental table and aligned using dedicated robotic arms with touch probe. SScanSS was also used to define the measurement points (Fig. 5 ) based on the cross-section of the joint at X-X line as the internal features of the joint are hidden from the laser scan, and to estimate the required counting time depending on the beam path length for a given direction of strain.
In order to check the effects of the measuring side on the residual stress profile, transverse residual strains were measured at 20 points located from -5.0 mm to +5.0 mm relative to the joint axis along line AA, as shown in Fig. 5a . These points were selected to ensure that the desired gauge volume always fell within the material thickness. The line AA was situated 1 mm below the undeformed surface of the upper sheet (Fig. 5b) . At first, transverse strain was measured from the head (rivet) side of the joint along line AA, using 240 s acquisition time per data point, and then the table was rotated 180° in order to measure the strain from the tail (die) side (Fig. 6) . The gauge volume used for this measurement was 1.0 mm 3 . It may be noted that to measure the strain from the die side, the acquisition time per data point was increased to 600 s to take into account the longer neutron path length to achieve a resolution of ± 50 µm.
In order to establish the optimum instrument configuration, strains were measured at 30 locations from -7.5 mm to +7.5 mm along line BB situated 1 mm above the undeformed surface of the bottom sheet (Fig. 5b ). Strains were measured twice at each point, using two different gauge volumes of 1.0 mm 3 and 0.125 mm 3 ) while the acquisition time was varied from 240 s up to 1500 s depending on the gauge volume and measurement location. This time the strains were measured in the longitudinal direction.
Residual stress may exist in a new un-used rivet as they are produced by forging and heat treated to the required hardness level. Therefore, a user reference lattice d r was used instead of the so-called strain free (d 0 ) reference lattice for the calculation of micro-strain. For the rivet material, d r (1.168713 ± 0.000459 Å ) was determined from average of three points (one in rivet head and two in rivet leg) of a new unused rivet, and for the steel sheet the reference point d r (1.167371 ± 6.74x10 -5 Å ) was taken average of four points at 1mm from the four free corner of a new sheet for each gauge volume. The strain and error were determined by the following equations 20, 31
where ΔƐ, Δd and Δd r are measurement errors in strain, lattice space and reference lattice space respectively.
Results and discussion
Measurements along line AA Neutron path length for measurements taken along line AA (Fig. 5b) was dependent on the measuring side, i.e., from head side or die side as shown in Fig. 5b . The difference in neutron path length between the two sides was about 7 mm in average, and the maximum neutron path length was found to be 4.5 and 12.95 mm from the head side and die side respectively (Fig. 7) . The acquisition time of 240 and 600 second for the head and tail side measurements respectively enabled a resolution of ± 50 µm to be achieved (Table 2 ).
Strains measured in the transverse direction along line AA were also found to depend on the measuring side (from head side and die side). As shown in Fig. 8 , the strain profile was symmetrical with respect to the rivet axis when measured from the head side, but not from the die side. The errors (determined by equation 2) were in a range of ±50 µm/µm for both cases. It was expected that points at a distance of ± 3.1 mm from the rivet axis situated in the top sheet below the rivet head (measurement points 2, 3, 4, 17, 18 and 19 in Fig. 5b ), would be under compression because of the pressure from the rivet head 8 . Compressive strain was indeed observed using data obtained from the head side, but tensile strain was obtained for the same position when using data acquired from the die side (Fig. 8) . This discrepancy, combined with the asymmetric strain profile obtained from the die side, suggest that the alignment might have changed while the sample table was rotated, which could be due to the rotation of the table not being perfectly horizontal, and/or the sample not being perfectly straight. In any case, this suggests that the sample's area of interest should be realigned after any rotation of the sample table.
Variations in the Full Width Half Maximum (FWHM) and intensity of the neutron diffraction peak acquired along line AA were also affected by the measuring side, with broader and higher intensity peaks obtained from the die side than the head side, as shown in Figs. 9 and 10 . The normalized value of FWHM reached to 1.4 and 1.8 for head side and die side measurement respectively. In both cases, peak broadening occurred for the measurement points situated in rivet head. This is due to the different microstructure of the sheet and rivet material (Fig. 11) . Rivet material has a martensitic structure while the sheet material has ferritic structure. Again, peak broadening was high in die side measurement due to long neutron path. The overall intensity for the die side measurement was found to be high due to increased acquisition time (Fig.10) . However, in both measurement directions, the intensity decreased for the measurement points on the rivet head (points 5 to 16 in Fig. 5b) . The intensity for the measurement points on the rivet head was decreased due to two reasons: different microstructure of rivet and long neutron path length (Table. 2).
However, irrespective of the measuring side, there was an increase in peak broadening with a decrease in peak intensity for measurements taken within the rivet head, which increased the level of uncertainty. Nevertheless, these results were related to microstructural effects. The diffraction peak from the rivet material displayed a slight shift as well as broadening compared to the sheet material, as shown in Fig. 12 , which can be attributed to their differing carbon composition and alloy elements. The rivet was made from 0.35% carbon steel; while the sheet material was composed of 0.28% carbon, 0.1% Phosphorus, 1.6% Manganese and 0.035% Sulphur. The microstructure of the steel rivets is considered as martensitic with a body centred cubic as oppose to tetragonal lattice as no peak splitting was observed in 211 plane, while the steel sheets have a ferritic microstructure with a body centred cubic lattice (Fig. 11) . Hence, the diffracted peak intensity was less while measuring the strain in the martensitic rivet head 32, 33 . To increase the intensity it is necessary to increase the acquisition time (1.5 and 3 times for 1.0 and 0.125 mm 3 respectively) while the neutron diffraction measurement is conducted in the rivet.
Measurements along line BB
The effect of gauge volume on strain profile measured along line BB (Fig. 5b) is shown in Fig. 13 . It should be noted that with 1.0 and 0.125 mm 3 gauge volume, the acquisition time was 240 and 900 seconds respectively while measuring the strain in sheet material, and was increased to 600 and 1500 seconds while measuring the strain in rivet. At first glance, the strain profile measured using 1.0 mm 3 gauge volume seems clear and symmetrical (Fig. 13) . However, it is apparent from Figs.2b and 5b that part of the line BB (measurement points 13 to 18 in Fig. 5b ) was out of material (i.e., crossing a void) up to ± 1.70 mm from the rivet axis. The measurement points located within ± 1.70 mm from the rivet axis were partially spanning solid material when using the 1.0 mm 3 gauge volume, and completely out of material for the case of 0.125 mm 3 gauge volume. Hence, the result obtained by using 1.0 mm 3 gauge volume is not accurate. The measurement locations (points 10, 11 and 12 in the left side and points 19, 20 and 21in the right side) situated from ± 1.70 mm to ± 2.75 mm are in the rivet leg. However, the measurements were taken at points ± 1.8, ± 2.3 and ± 2.8 mm. So only the location situated at ± 2.3 mm (points 11 and 20 in Fig. 5b ) reflects the real measurement for the case of 0.125 mm 3 gauge volume, which was fully immersed within the rivet leg. But for 1.0 mm 3 gauge volume no points are fully situated within the rivet leg, which is why the measurement conducted with 1.0 mm 3 gauge volume was not correct. Likewise, the measurement location at ± 2.8 mm from the rivet axis (points 9 and 22) was situated at the triple point and for both cases (1.0 and 0.125 mm 3 gauge volumes) the strain was obtained from a combination of rivet and top and bottom sheet. However, strain measured from ± 4.0 mm to ± 7.5 mm (points 1 to 7 and 24 to 30) was completely immersed within the bottom sheet for both gauge volumes. The strain profile measured from this range (± 4.0 mm to ± 7.5 mm) is shown in Fig.14 . It is clear from this figure that the trends are similar for both gauge volumes with the 1.0 mm 3 gauge volume data showing a higher magnitude. All else being equal, the bigger gauge volume should give a higher resolution strain measurement because more material is being sampled.
It was observed that if sufficient acquisition time was provided the gauge volume did not make a significant difference while the measurement was conducted wholly within a single material. However, while measuring the stress inside the rivet, the 0.125 mm 3 gauge volume gave a better result. Even in SPR sometimes very thin sheets are joined, for example 1.0 mm thick top and bottom sheets. In such cases, 0.125 mm 3 gauge volume would be the best option. The detection time should change according to three parameters: neutron path length, gauge volume and microstructural orientation (bcc or tetragonal). In the case of longer neutron path lengths, more detection time is required, while a bigger gauge volume requires less acquisition time and is always preferred if there is enough material. A gauge volume of 0.125 mm 3 is considered the smallest size that is practical for a reasonable measurement in a sensible experiment duration.
Conclusions
An optimum instrument condition for residual stress measurement in SPR joints by neutron diffraction method was developed in this study. It is suggested that 0.125 mm 3 gauge volume is preferable for the strain measurement in SPR joints. Sufficient acquisition time is necessary to achieve a reasonable measurement uncertainty. At first, the acquisition time should be selected based on the neutron path length of the measurement point. Typically, 240 and 900 seconds are necessary to achieve error (measurement uncertainty) within the range of ±50 µm/µm in sheet material for 1.0 and 0.125 mm 3 gauge volume respectively while the neutron path length is around 4.0 mm. The detection time while measuring the d-spacing inside a rivet should be increased to maintain the same measurement error with the same neutron path length due to the different diffraction peak from tetragonal material of the rivet (the peak is very close to the d-spacing 211 but not the same): 600 and 1500 seconds for 1.0 and 0.125 mm 3 gauge volume respectively. It is also suggested that the realignment should be undertaken if there is any angular movement of the table occurred. An investigation applying these optimum instrument parameters to the measurement of residual stress for a wider range of SPR joints will be reported later to provide guidance for the optimum design of SPR joining conditions. Figures Fig. 1 Schematic illustration of the SPR process 
